Abstract: Hybrid white light emitting diodes (LEDs) have been developed utilizing microLEDs radiatively pumping down-conversion phosphor materials. The cyan InGaN/GaN multiple quantum wells LEDs with 95 µm in square are fabricated into 4 × 4 pixels as one unit in 4 in wafer by photolithography and inductively coupled plasma etching techniques. The relatively low turn ON voltage and low leakage of cyan micro-LEDs indicate good electrical performance. A significant reduction in the efficiency droop characteristics of cyan micro-LED has been observed in comparison with that of standard green LED. Finally, based on a systemic optimization for white emission indexes, high-quality hybrid white light emission has been demonstrated by the combination of blue and cyan micro-LEDs with two types of phosphors, which have a high color rendering index up to 87 at the correlated color temperatures of 6500 K. It also demonstrates a way to adjust the color component by modifying the output power of cyan micro-LED in hybrid LED, showing a promising candidate in a large range of applications including micro-displays, bioinstrumentation, photolithography, and lab-on-chip systems in the future.
Introduction
The need has been emphasized for efficient solid-state emitters in wide applications ranging from displays to luminescence lighting because they potentially provide substantial energy savings to allow for efficient energy utilization of limited energy resources [1] . The conventional approach is to mainly use blue emission from InGaN/GaN-based light emitting diodes (LEDs) radiatively pumping down-conversion phosphor materials, such as Y 3 Al 5 O 12 :Ge 3+ (YAG), to provide artificial white lighting [2] , [3] . During the past decade, much works have been devoted to the development of InGaN-based solid-state lighting using the "blue LED + yellow phosphor" [4] , [5] . However, these white LEDs have low color rendering index (CRI) and high correlated color temperature (CCT) owing to green emission deficiency in the visible spectrum [2] . Micro-LEDs within cyan or green emission range are highly required, which have acquired increasing world-wide interest recently [6] . Moreover, these phosphors spun on the p-GaN of blue LED with the distance of above 200 nm between the phosphors and the emitter (multiple quantum wells), which induce other issues such as the self-absorption of the phosphors, the low efficiency of energy transfer from the blue LED to the down-conversion phosphor and the degradation of phosphors. For the sake of reducing the coupling distance, Zhuang et al. developed CdSe/ZnS core/shell nano-crystals filling the ordered arrays of nanoholes technique, and achieved white LEDs with high color rendering index (CRI) up to 82. However, the green gap issues still require consideration and further developments for the high CRI of white LEDs in the visible spectrum [7] .
In order to extend the functionality of GaN-based LED to advanced applications including image display, visible light communications, optical tweezers, optogenetics, and maskless lithography, scientists started to devote their efforts to developing the high power and high efficiency III-nitride based LEDs [8] . Most efforts have concentrated on the improvement of material quality, internal quantum efficiency (IQE) and light extraction efficiency [9] . Especially, for the sake of acquiring high luminescence output power, the standard GaN-based LED light emitting areas are normally defined as large as a few square millimeters. Although, these high power white LEDs with large device size are currently massively used for solid-state lighting and liquid crystal display back-lighting area, the large device size limits the development of high resolution for image display [10] . The needs of microLEDs with individual color, especially in the green gap emission range where GaN-based LEDs have low efficiency, are growing rapidly [6] , [11] . In comparison with standard LEDs, micro-pixelated LEDs with individual pixel only a few tens of square micrometers are able to offer greater contrast, faster response time and less energy consumption, therefore are currently the main approach toward a fast growing market [12] . However, micro-LEDs are still in their early development stage compared with the conventional LEDs fabrication technology. The mesa-etching method of defining pixel introduce tense defects, which becomes more problematic as the ratio of sidewall area to pixel area increases in micro-LEDs. Moreover, there is still no cost-effective fabrication technology for green or cyan inorganic micro-LED to fill the green gap in full-color display and white luminescence. And the competition between organic and inorganic micro-LEDs approaches is intense at this stage [13] , especially the related study on GaN-based micro-LEDs is quite limited. Thus, white micro-LEDs with high efficiency and CRI have acquired increasing world-wide interest recently.
In this work, a high color rendering index hybrid GaN-based white micro-LED array is designed and fabricated. Current-voltage (I-V) characterizations of the white micro-LED pixels with cyan emitters are conducted and analyzed. A significant reduction in the efficiency droop characteristics of cyan micro-LED has been observed in comparison with that of standard green LED. Hybrid white light emission has been demonstrated by the combination of blue and cyan micro-LEDs with phosphors, which have a high color rendering index up to 87 at the correlated color temperatures of 6500 K. It offers a promising method for practical applications including high quality and resolution image display and visible light communications.
Results and Discussion
Figure 1(a) presents the schematic of the designed cyan micro-LED, showing that the sharing common cathode are fabricated on a planar GaN-based LED epi-wafer. The epi-structure is grown on a 4-inch sapphire substrate by using metal-organic chemical vapor deposition (MOCVD) with a relatively small wafer bow (<80 µm), which consists of 3 µm undoped GaN buffer layer, a 2 µm Si doped n-type GaN layer, a 15 period InGaN/GaN (3 nm/12 nm) multi-quantum wells (MQWs), a 60-nm-thin AlGaN electron blocking layer, and a 270 nm Mg doped p-type GaN layer. The In content in In x Ga 1−x N layer of MQWs is designed and grown to be about 0.21 for the sake of cyan light emission. The surface roughness of our fabricated 4-inch cyan wafer is about 2.1 nm within 20 µm × 20 µm square area. 300 µm × 300 µm square mesa was etched in standard LED samples for references. The micro-LED pixels are fabricated by a similar process for flip-chip LEDs, which starts with mesa etching. As illustrated in Fig. 1(a) , 95 µm × 95 µm square pixel area is defined by photolithography and inductively coupled plasma (ICP) etching techniques. Next, the devices are passivated by a 200-nm-thick SiO 2 layer deposited by plasma enhanced chemical vapor deposition (PECVD) after the wet chemical surface treatments involving the utilizing of hot potassium hydroxide (KOH) and nitric acid (HNO 3 ). The metal contact window opening is chemically etched by reactive-ion etching (RIE) processes. Finally, n-type (Ti:50 nm/Al:200 nm/Ni:50 nm/Au:100 nm) metal contact layer are deposited on n-pad region and annealed at 760°C in nitrogen atmosphere for 10 min. And then p-type (Ni:10 nm/Au:200 nm) metal contact layer are deposited on p-pads regions and annealed at 560°C in mixed atmosphere (80% nitrogen and 20% oxygen) for 3 min to form Ohmic contacts. Each unit consists of 4 × 4 pixels arrayed in orthogonal configuration. Each pixel is separated by 5 µm wide deep trench to constrain the light emitting region. All pixels have independent p-type contact pads, which expose circular region with 40 µm in diameter for the light emitting and color conversion by phosphors or semiconductor nano-crystals. A large size cathode electrode is made surrounding the array area to ensure efficient and uniform n-type current injection for all micro-LED pixels in array. In future massive transfer processes, cathode electrode pads can be adjusted to backside or individual contact for single pixel based on the demands of chip packaging or image display. Fig. 1(b) illustrates the bird's eye top-view image of one cyan micro-LED array. Fig. 1(c) and (d) demonstrate the cyan light emitting image from single micro-LED pixel. The emission of single cyan micro-LED pixel is greatly bright and uniform under the injection current of 200 µA.
Room temperature photoluminescence (PL) spectra of cyan epi-wafer was firstly gathered using a Renishaw InVia Micro-PL system equipped with a 40 × UV objective lens (Mitutoyo, numerical aperture = 0.5). As shown in Fig. 2(a) , the dominant PL peak locates at 482 nm with full width at half maximum (FWHM) about 23.2 nm. The experimental (0002) X-ray diffraction for cyan epi-wafer sample were scanned by PANalytical X'Pert Pro MRD triple-axis X-ray diffraction. As illustrated in Fig. 2(b) , several satellite peaks of InGaN/GaN MQWs can be seen, indicating a good crystal quality. Through simulation, the thickness of GaN barrier is estimated to be about 11.7 nm, and the InGaN well in MQWs is estimated to be 2.5 nm [14] . The In content x in In x Ga 1−x N layer of MQWs is calculated to be 0.21, which is consistent with our design. Room temperature electroluminescence (EL) spectra of cyan micro-LED pixel was measured at the injection current density ranging from 0.7 A/cm 2 to 150 A/cm 2 . The dominant emission peak of cyan micro-LED blueshifts from the wavelength of 490 nm to about 482 nm with the increasing injection current density, which is mainly attributed to the screening of quantum confined Stark effect (QCSE) caused by increased carrier density in MQWs region. In addition, the current-voltage (I-V) characterizations of the cyan micro-LED pixel and standard LEDs are also conducted as shown in Fig. 2(b) , and the corresponding leakage current are plotted on semi-log scale in the inset of the Fig. 2(b) . The turn-on voltage of cyan micro-LED is estimated to be around 3.1 V, close to that of standard planar LED [15] , which of course still needs further optimization. A low magnitude of electrical leakage current of cyan micro-LED, 1.5 × 10 −9 A under the reverse bias of −15 V, is visible in the reverse I-V characteristics in the inset of Fig. 2(b) . Meanwhile, the leakage current of cyan standard LED is 6 × 10 −7 A under the same reverse bias, which is 3 orders of magnitude larger than that of micro-LED. The leakage current density of cyan micro-LED is about two orders of magnitude lower than that of standard LED if the size of emission area are taken into consideration. The good electrical characteristics of micro-LED indicate the importance of the optimization in the electrodes annealing process [16] . We believe the reduction in leakage current of micro-LED is mainly attributed to the increased series resistance and the reduced leakage tunnels such as dislocations and defects by decreasing the device size. Typically, the I-V characteristics of a p-n junction diode are represent by the well-known Shockley diode equation [17] , I = I 0 exp (eV/nkT ), where I 0 , e, k, n and T are the saturation current, elementary charge, Boltzmann constant, ideality factor and temperature, respectively. It has been widely accepted that, if n is close to 2.0, the generation-recombination current dominates; if n approaches 1.0, diffusion current dominates; whereas if the ideality factor 1 < n < 2, a combination of diffusion in the quasi-neutral and recombination in the space-charge regions is observed. For the cyan micro-LED, a value of the ideality factor n = 4 blow the turn on voltage can be derived. It suggests leakage currents associate with carrier recombination in the depletion region via deep-level traps such as dislocation defects, and therefore cause the ideality factor to exceed 2.0. Considering the high ratio of sidewall area to pixel area and low leakage current as mentioned before, the better device performance of cyan micro-LED can be expected, which of course needs further works.
The luminous flux of standard cyan LED is measured to be 3.0533 lm under the injection current of 20 mA using UV-VIS-near IR spectro-photocolorimeter with an integrating sphere (PMS-50). To further explore the optical and electrical performance of the cyan micro-LEDs, the EL emission of cyan micro-LED pixels, standard planar green LED and green micro-LED pixels are measured and compared under the same injection current of 900 µA. As illustrated in Fig. 3(a) , the emission intensity of cyan micro-LED pixel is higher than that of green micro-LED pixel under the same injection current. The FWHM of cyan micro-LED is 21.4 nm, while the FWHM of green micro-LED is 33 nm. The higher EL intensity and lower FWHM indicate a good device performance of cyan micro-LED. The light emitting performance of the cyan micro-LED pixel with respect to standard green LED, green micro-LED and micro-LED in reference under different injection current density is further studied [18] - [20] . A typical efficiency droop behavior of samples in this study are observed from the normalized relative external quantum efficiency (EQE) as a function of the injection current density and are compared with other micro-LEDs reported in references as shown in Fig. 3(b) . Normally, the EQE of GaN-based LED gradually drop at higher injection current density after reaching the maximum, revealing a typical efficiency droop behavior. It has been widely reported that efficiency droop in GaN-based LEDs is mainly attributed to non-radiative recombination, electron overflow, and thermal accumulation as the injection current increases [21] . In addition, the lack of holes injection, carrier delocalization, and Auger recombination are also suggested as possible reasons for efficiency droop [22] . From Fig. 3(b) , we can see that the green LED and the micro-LED using green chips show similar efficiency droop curves. Meanwhile the cyan micro-LED in this study and blue micro-LED reported in reference exhibit much less efficiency droop at the higher injection current. The maximum EQE point of cyan micro-LED occurs at ∼10 A/cm 2 , which is higher than that of green LED at 1.5 A/cm 2 . Besides, the EQE of cyan micro-LED pixel drops more slowly than that of green LED at higher current density (> 1.5 A/cm 2 ), even a bit slower than that of the blue micro-LED, which further indicates the good performance of cyan micro-LEDs. In this study, cyan LED epi-wafer with less indium incorporation than green LED will certainly reduce the strain accumulated in MQWs region during the growth, thus has lower defect density and less non-radiative recombination centers. It is reasonable to believe that the cyan micro-LED should have better device performance than green LED. Furthermore, the smaller chip size could certainly benefit current spreading and heat dissipation [23] . Low leakage current will reduce the thermal accumulation. And larger height-to-width aspect ratio of micro-LEDs would possibly provide better strain relaxation within the MQWs region. It is interesting that the cyan micro-LEDs illustrate comparable efficiency droop characteristics with respect to blue micro-LED. It indicates much improved growth technique using MOCVD as well as optimized fabrication process. Therefore, the cyan micro-LEDs with good device performance could provide a promising solution for the green gap problem in high quality luminescence and high resolution image display instead of green LED.
Typically, due to the high internal quantum efficiency as much as 80% of GaN-based blue LEDs, the commercial white LED is mainly using GaN-based blue LED with one or two types of phosphors, however, inducing a great green gap at the wavelength of 500 nm in emission spectra. The black square line in Fig. 4(a) exhibits the EL spectra of the blue micro-LEDs with phosphor at the wavelength of 540 nm under the injection current of 500 µA. The EL spectra have a strong emission peak at the wavelength of 460 nm, with a broad emission ranging from 500 nm to 590 nm. As shown in Fig. 4(a) , there is a green gap at the wavelength of around 490 nm, where the emission peak of cyan micro-LED locates. The introduction of cyan micro-LEDs is capable to fill the green gap of commercial white LED. In this work, we propose an idea of hybrid LEDs using blue and cyan microLEDs with two types of phosphors to provide high quality illumination project. As demonstrated before, the blue and cyan micro-LEDs are scaled down to less than 100 µm in square. In the 1931 CIE chromaticity diagram in Fig. 4(b) , the blue micro-LED with 540 nm phosphor locates at (0.261, 0.315) marked by red star. And the cyan micro-LED with 630 nm phosphor locates at (0.482, 0.386) marked by cyan star. Thus, blue and cyan micro-LEDs were used as light emitting sources, where two types of phosphors (540 nm and 630 nm) were filled into exposed circular area in each pixel of micro-LEDs for the light color conversion. Through transfer technique, which is not demonstrated in this article, those micro-LEDs can be put together with individual controlling circuit. Manipulating the input power of blue and cyan micro-LEDs, the CRI and CCT is adjusted, indicating that the hybrid LED is accessed to change the CCT for various applications. Thus, the proposed hybrid LEDs are labelled by white stars in the 1931 CIE chromaticity diagram in Fig. 4(b) . The commercial white LED using phosphors has a CRI of 81 with T c = 5000 K, which is located at (0.332, 0.316) in the 1931 CIE chromaticity diagram labeled as black star, whereas the proposed hybrid LED has a CRI of 87 with T c = 6500 K, located at (0.315, 0.319) in Fig. 4(b) , respectively. In addition, the chromaticity coordinates of hybrid LED is much closer to the blackbody line. The combination of blue and cyan micro-LEDs with phosphors offer a powerful method to adjust the color component by modifying the luminescence power of each LED, respectively. High quality image display with high resolution can be expected in the future using the combination of micro-LEDs with different colors, which of course needs further works.
Conclusions
In summary, cyan micro-LEDs have been successfully fabricated by a similar process for commercial LEDs. The electrical properties of cyan micro-LEDs are analyzed. The low leakage current, compared to that of standard LED, indicate good electrical performance of our fabricated LEDs. The efficiency droop characteristics of cyan micro-LEDs are studied, which shows much reduced droop behavior compared to those of standard green LED and green micro-LED. High quality hybrid white light emission has been demonstrated by the combination of blue and cyan micro-LEDs with phosphors. We anticipate that the cyan micro-LED with better device performance will be useful in solving the green gap problem of white LED. The hybrid LED also indicates a method to adjust the color component by modifying the output power of each LED, showing a promising candidate in large range of applications including micro-displays, bioinstrumentation, photolithography and lab-on-chip systems in the future.
Competing Financial Interests
The authors declare no competing financial interest.
